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Exogenous NADH oxidation of mitochondria isolated from red
beetroots (Beta vulgaris L.) increased dramatically upon slicing and
aging the tissue. Anion-exchange chromatography of soluble frac-
tions derived by sonication from fresh and aged beetroot mitochon-
dria yielded three NADH dehydrogenase activity peaks. The third
peak from aged beetroot mitochondria was separated into two
activities by blue-affinity chromatography. One of these (the un-
bound peak) readily oxidized dihydrolipoamide, whereas the other
(the bound peak) did not. The latter was an NAD(P)H dehydroge-
nase with high quinone and ferricyanide reductase activity and was
absent from fresh beet mitochondria. Further affinity chromatogra-
phy of the NAD(P)H dehydrogenase indicated enrichment of a
58-kD polypeptide on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. We propose that this 58-kD protein is the induc-
ible, external NADH dehydrogenase.

Plant and fungal mitochondria contain several unique
NAD(P)H dehydrogenases that are linked to the respira-
tory chain (Meller and Lin, 1986; Douce and Neuberger,
1989). One of these enzymes is located on the outside of the
inner membrane and is involved in the oxidation of cyto-
solic NADH (Meller and Lin, 1986; Douce and Neuberger,
1989; Roberts et al., 1995). However, there is at least one
internally facing dehydrogenase that provides a rotenone-
insensitive bypass of complex I for the oxidation of matrix
NAD(P)H (Rasmusson and Meller, 1991). Several attempts
have been made to purify these unique enzymes (Cook and
Cammack, 1984, 1985; Cottingham and Moore, 1984; Klein
and Burke, 1984; Chauveau and Lance, 1990; Luethy et al.,
1991, 1995; Rasmusson et al., 1993; Knudten et al.,, 1994).
These preparations were often found to contain polypep-
tides of 30 to 40 or 50 to 60 kD, although direct comparisons
are difficult because different species and methodologies
were used in the different studies. Although a precise
identification of these enzymes has not been achieved, a
strong case for a 58-kD protein to be the external NADH
dehydrogenase has been made (Luethy et al., 1991, 1995).

Mitochondria isolated from fresh red beetroots (Beta vul-
garis L.) oxidize exogenous NADH poorly, but this activity
can be induced by “aging” the tissue in a dilute CaSO,
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solution (Day et al.,, 1976; Rayner and Wiskich, 1983). This
property makes aged red beetroot an ideal tissue for the
isolation of the exogenous NADH dehydrogenase, because
it can be identified by its low levels in mitochondria from
fresh tissue. Recently, several groups have concentrated on
isolating NAD(P)H dehydrogenases from the soluble frac-
tion of red beetroot mitochondria (Luethy et al, 1991;
Rasmusson et al., 1993; Soole and Menz, 1995). This frac-
tion is generated by the sonication of the mitochondria
followed by centrifugation to remove membrane fragments
and vesicles. The enzyme(s) responsible for cytosolic
NAD(P)H oxidation is likely to be present in the soluble
fraction, because it is believed to be loosely bound to the
outer surface of the inner membrane (Douce et al,, 1973).
Use of the soluble fraction has the added advantage that it
avoids the large-molecular-mass complex I, which remains
in the membrane.

Anion-exchange chromatography of both the fresh (Ras-
musson et al.,, 1993; Soole and Menz, 1995) and aged (Lu-
ethy et al, 1991) beetroot soluble fractions results in the
separation of three NADH dehydrogenase activity peaks.
The first activity peak has been purified to a polypeptide
with a molecular mass of approximately 42 kD by Luethy
et al. (1991) and Soole and Menz (1995), whereas Rasmus-
son et al. (1993) purified their first activity peak to a
polypeptide with a molecular mass of 26 kD. It has been
suggested that the rotenone-insensitive endogenous
NAD(P)H dehydrogenase is responsible for the first activ-
ity peaks (Rasmusson et al., 1993; Soole and Menz, 1995).
All three groups found that their second activity peaks
were due to an enzyme with a molecular mass of 32 to 35
kD (Luethy et al., 1991; Rasmusson et al., 1993; Soole and
Menz, 1995). Luethy et al. (1991) purified this peak to a
single 32-kD protein.

The third activity peak isolated from mitochondria from
aged beetroot (Luethy et al., 1991) was inhibited by plane
tree bud extract, which contained platanetin, a potent in-
hibitor of exogenous NADH oxidation (Ravanel et al,
1986). Recently, it has been shown not to be a specific
inhibitor (Roberts et al, 1996). Therefore, Luethy et al.
(1991) proposed that exogenous NADH oxidation was me-

Abbreviations: dicumarol, 3-3’-methylene-bis-(4-hydroxycou-
marin); FeCN, potassium ferricyanide; flavone, 2-phenyl-
4H-1-benzopryan-4-one; lipoamide, p1-6,8 thiotic acid amide;
p-CMB, p-chloromecuribenzoic acid; Q,, 2,3-dimethoxy-5-
methyl-1,4-benzoquinone.
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diated by the enzyme that gave rise to this activity peak,
and it was subsequently found that the activity was asso-
ciated with a 58-kD protein (Luethy et al., 1995). In con-
trast, Rasmusson et al. (1993) found that their third activity
peak, also containing a 58-kD protein, possessed dihydro-
lipoamide dehydrogenase activity and was 98% inhibited
by arsenite, a potent inhibitor of this enzyme. Rasmusson
et al. (1993) proposed that their third activity peak and that
of Luethy et al. (1991) was due to a lipoamide dehydroge-
nase that was the L-protein component of the pyruvate and
2-oxoglutarate dehydrogenase complexes.

More recently, enzymes analogous to the 32-kD (second
activity peak) and 58-kD (third activity peak) enzymes of
aged beetroot mitochondria have been purified from maize
mitochondria (Knudten et al.,, 1994, Luethy et al.,, 1995).
Both of these maize enzymes have been localized to
the outer surface of the inner membrane or the intermem-
brane space. This location implies that one or both of these
enzymes could be involved in exogenous NAD(P)H
oxidation.

We have attempted to resolve the discrepancy between
Luethy et al. (1995) and Rasmusson et al. (1993) by com-
paring the anion-exchange profiles of the soluble fractions
of mitochondria from fresh and aged beetroot tissue.
We have found that the third activity peak of aged
beetroot mitochondria can be separated into two compo-
nents. One of these is a dihydrolipoamide dehydrogenase,
whereas the other is an NAD(P)H dehydrogenase that has
been purified to a single 58-kD polypeptide. We propose
that the 58-kD protein is the inducible, external NADH
dehydrogenase.

MATERIALS AND METHODS

Red beetroots (Beta vulgaris L.) were purchased at local
markets. Beetroot tissue was aged as previously de-
scribed by Rayner et al. (1983). Mitochondria were pre-
pared as previously described by Soole et al. (1990),
except that the aged tissue was homogenized (200-g
batches) in a medium (250 mL) containing 0.4 M Suc, 5
muM EDTA, and 30 mm Tes, all at pH 7.4, using several 1-s
bursts (setting 7) of a Polytron PT 10-35 fitted with a
PTG 35/2M aggregate (Kinematica, Kriens, Switzer-
land). Mitochondria (approximately 50 mg) were resus-
pended in 20 mm Tris/HCI (pH 8.0) containing 1 mm
PMSF and 5 um trans-epoxysuccinyl-L-luecylamido-(4-
guanidino)butane protease inhibitor and sonicated in
five 5-s bursts using an ultrasonic disintegrator (MSE,
Sussex, UK) at maximum power. The sonicated mito-
chondria were then centrifuged at 300,000¢ for 45 min,
and the resulting supernatant represented the soluble
fraction.

All chromatographic procedures were carried out using
a fast protein liquid chromatography system (Pharmacia).
Anion-exchange chromatography was performed on a
1-mL column (resource Q, Pharmacia), whereas blue-affin-
ity chromatography was performed on a Pharmacia Hi-
Trap blue column. The buffer used for both of these chro-
matographic procedures was 20 mm Tris/HCl (pH 8.0),
and proteins were eluted with gradients of NaCl (0-350
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mmM) or NADPH (0-10 um) as indicated. Gel-filtration chro-
matography was carried out on a calibrated column (Su-
perdex 75, Pharmacia) using a buffer containing 50 mm
KH,PO, (pH 7.0) and 0.15 m NaCl

Protein concentrations were estimated using the method
of Lowry et al. (1951). Electrophoresis was carried out
using the method of Laemmli (1970) with 12% (w/v) poly-
acrylamide resolving gels, and proteins were stained using
Coomassie brilliant blue. Noncovalently bound flavin was
removed from the protein by boiling for 3 min, and the
flavin was determined fluorometrically by the method of
Seigel (1978).

Oxygen-consumption assays were carried out polarograph-
ically at 25°C using an oxygen electrode (Rank Brothers,
Cambridge, UK) with 2 mL of a standard reaction medium
that consisted of 0.25 m Suc, 10 mm Tes, 10 mm KH,PO,, and
5 mm MgCl,, all at pH 7.2. External NAD(PYH:Q, reductase
and NADH:lipoamide reductase activities were measured in
10 mm 1,3-bis(Trisfhydroxymethyl]-methylamino)propane
buffer (pH 7.2) containing 200 um NAD(P)H and either 200
uM Qp or 1 mm lipoamide. The reduction of NAD(P)H was
monitored at 340 nm (extinction coefficient at 340 nm = 6.22
mm em™),

RESULTS

Comparison of NAD(P)H Oxidizing Pathways of Fresh and
Aged Beetroot Mitochondria

The specific activities of several NAD(P)H oxidizing ac-
tivities were measured in mitochondria that were prepared
from fresh and aged beetroot tissue and are compared in
Table I. State-3 malate oxidation in the presence and ab-
sence of rotenone was used to estimate complex I and
rotenone-insensitive endogenous NADH oxidation, respec-
tively. Exogenous NAD(P)H oxidation was measured in
the presence of Ca®™ to ensure maximal rates.

Table 1. Comparison of NADH oxidizing pathways in fresh and
aged beetroot mitochondria

Oxygen uptake and lipoamide dehydrogenase activity were as-
sayed as detailed in “Materials and Methods.” The concentrations for
substrates and inhibitors for the oxygen consumption assays were: 10
mm malate, 10 mm glutamate, 25 um rotenone, 1 mm NADH, and 1
mm NADPH. To ensure maximal rates 1.25 mm CaCl, was added for
measurement of NAD(P)H oxidation. Rates are means of three ex-
periments with one preparation, although similar trends were ob-
served with other preparations.

Specific Activity
Substrate Fresh Aged
mitochondria mitochondria

nmol O, (NADH)
min~" mg~" protein

Malate/glutamate 76 85
Malate/glutamate + rotenone 12 23
NADH 13 129
NADPH 3 12
Lipoamide dehydrogenase 1337 96°

2 nmol NADH min™" mg™' protein.
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The specific activities for the majority of the NAD(P)H
oxidizing pathways measured increased to some degree
upon slicing and aging of the tissue. However, exogenous
NADH oxidation increased to the greatest extent, by 116
nmol min~! mg™?, a 10-fold relative increase (Table I). The
presence of low levels of exogenous NADH oxidation in
fresh beet, which increase with aging, is consistent with
previous reports (Fredlund et al., 1991; Luethy et al., 1991).
We found that this activity varies substantially with both
cultivar and geographic location, which presumably ex-
plains the variability reported in the literature (R.I. Menz,
unpublished observation).

In contrast to external NADH oxidation, the specific
activities of the other pathways were increased to a much
lesser extent. External NADPH oxidation was increased
4-fold, but this amounted to a total increase in specific
activity of only 9 nmol O, min~" mg™". This result is
consistent with previous work (Fredlund et al,, 1991) as
well as with the observation that exogenous NADH oxida-
tion is mediated by an enzyme that is distinct from that
which catalyzes exogenous NADPH oxidation (Roberts et
al., 1995). State-3 malate oxidation in the absence of rote-
none (i.e. complex-I activity) was also only slightly in-
creased (9 nmol O, min~! mg™"). Likewise, although
malate oxidation in the presence of rotenone (internal
rotenone-insensitive activity) was doubled, its specific ac-
tivity increased by only 11 nmol O, min™' mg~'. In con-
trast to the other NAD(P)H oxidizing activities, lipoamide
dehydrogenase activity decreased (Table I).

From these comparative data it is evident that the aged
mitochondria are dramatically enriched in the enzyme in-
volved in exogenous NADH oxidation when compared
with the other NAD(P)H-utilizing pathways. The data also
suggest that the enzyme responsible for exogenous NADH
oxidation is unlikely to possess lipoamide dehydrogenase
activity, since exogenous NADH oxidation was increased
10-fold by aging and lipoamide dehydrogenase activity
was reduced.

ldentification of an Age-Induced NAD(P)H
Dehydrogenase in Beetroot Mitochondria

The soluble fractions generated from the mitochondria of
both fresh and aged beetroot tissues were subjected to
anion-exchange chromatography, and the resulting frac-
tions were assayed for NADH:Q, reductase activity. Three
peaks of activity were resolved from both the fresh and
aged material (Fig. 1), which is consistent with previous
reports that used the soluble fraction of both fresh (Ras-
musson et al., 1993) and aged (Luethy et al.,, 1991) beetroot
mitochondria. However, when the NADH:Q, reductase
elution profiles were normalized relative to activity peak 1,
it was evident that the profiles were not identical (Fig. 1).
Subtraction of the “fresh” profile from the “aged” revealed
the presence of additional NADH:Q,, reductase activity in
the aged profile. This extra activity peak could be resolved
only by subtraction and was not evident in the aged profile
(Fig. 1). This extra or age-induced NADH:Q, reductase
activity eluted from the anion-exchange column at NaCl
concentrations of 200 to 300 mum and, therefore, overlapped

Activity (umol min™), NaCl concentration (M)

15 20 25 30

Elution volume (ml)

Figure 1. Anion-exchange elution profiles of fresh and aged beetroot
mitochondrial soluble proteins. The top panel is a typical NADH:Q,
reductase activity profile for fresh (@) and aged (O) mitochondrial
soluble fraction when the resource Q column was eluted with a 0 to
350 mm NaCl gradient (- - - - - ). The profiles have been normalized
with respect to peak 1. The bottom panel is the profile generated by
electronically subtracting the fresh from the aged profile (H).

with both activity peak 3 and to some degree activity
peak 2. Because exogenous NADH dehydrogenase activity
was substantially increased by aging (Table I), it is likely
that the extra peak of NADH:Q, reductase activity in
the aged profile is attributable to the exogenous NADH
dehydrogenase.

Purification of the Age-Induced NADH Dehydrogenase

The fractions from the aged profile that corresponded to
the age-induced peak (27.5-30 mL; Fig. 1) were diluted
2-fold to reduce the NaCl concentration and then applied
to a blue-affinity column; for a comparison, the same re-
gion from the fresh profile was treated in the same manner.
The column was eluted with a NaCl gradient, and the
resulting fractions were assayed for NADH:FeCN reduc-
tase activity (Fig. 2). Two peaks of NADH:FeCN reductase
activity were detected in the material prepared from mito-
chondria from aged tissue. Only one activity peak was
detected in the material prepared from mitochondria from
fresh tissue, and this corresponded to the first and largest
peak observed with the aged material (Fig. 2). This peak
(the unbound fraction) eluted during the load and wash
steps prior to elution with NaCl (Fig. 2). The second peak,
resolved from the aged material (the bound fraction),
started to elute from the column at a NaCl concentration of
approximately 0.2 M (Fig. 2). Examination of the ratios of
activities with different electron acceptors revealed that the
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NaCl concentration (M)
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Figure 2. Blue-affinity chromatography of the age-induced peak re-
solved by anion exchange. The pooled sample corresponding to the
age-induced peak resolved by anion exchange of soluble mitochon-
drial proteins from aged tissue (@) was subject to blue-affinity chro-
matography. This is compared with a sample from the same region of
the anion-exchange profile in soluble mitochondrial proteins from
fresh tissue (O). The samples were loaded and washed prior to elution
with a 0 to 1 M NaCl gradient. The NADH:FeCN reductase activity
profiles are shown.

unbound fractions from both the fresh and aged material
were similar (not shown), whereas the activity of the bound
fraction was most likely due to a different enzyme (Table
II). The unbound fraction had its greatest activity with
FeCN as an acceptor, but it also had high activity with
lipoamide as an acceptor; its activity with Q, as an acceptor
was much less (Table II). In contrast the bound fraction
exhibited similar activities with both FeCN and Q, as ac-
ceptors and had an extremely low rate with lipoamide as
an acceptor (Table II). Therefore, it seems that the soluble
fraction derived from the aged tissue contained an addi-
tional activity that could be resolved by its tight binding to
blue-affinity columns.

The age-induced activity was purified by applying it
again to a blue-affinity column, as in Figure 2, followed by
washing with 5 mL of 150 mm NaCl prior to elution with a
gradient of 0 to 10 um NADPH (Fig. 3). The majority of the
NADH:Q, reductase activity eluted from the column at an
NADPH concentration of approximately 2.5 um (Fig. 3).
SDS-PAGE analysis of this fraction showed only one major
polypeptide with an apparent molecular mass of 58 kD
(Fig. 4). The native molecular mass determined by gel
filtration also was found to be approximately 58 kD (Table
I1I). These two results suggest that the age-induced activity

Table Il. Comparison of bound and unbound fractions from the
blue-affinity column

Assays were performed as described in “Materials and Methods.”
Rates are means of three experiments.

Total Activity

Assay
Unbound fraction Bound fraction
wmol NADH min~'
NADH:Q, 0.520 0.114
NADH:FeCN 3.450 0.105
NADH:lipoamide 2.150 0.006
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Figure 3. Purification of aged-induced dehydrogenase by NADPH
elution from a blue-affinity column. The pooled sample from the
anion-exchange column was loaded onto the blue-affinity column.
Prior to elution with a 0 to 10 um NADPH gradient (- - - - - ), the
column was washed with 5 mL of 150 mm NaCl. The NADH:Q,
reductase activity (@) and the A,5, (—) are shown.

may be mediated by a single-subunit enzyme with a mo-
lecular mass of 58 kD.

The purified preparation had its greatest activity with
NADH as a substrate and Q, as an acceptor (Table III). It
oxidized NADPH at approximately 70% and deamino-
NADH at approximately 45% of the rate with NADH (Ta-
ble III). The rate of NADH oxidation with FeCN as an
acceptor was 0.6 of that with Q, as an acceptor (Table III).
No lipoamide dehydrogenase activity could be detected in
the purified sample, showing that the purified enzyme was
not a lipoamide dehydrogenase.

Characterization of the Age-Induced
NADH Dehydrogenase

The kinetic data were found to best fit a Michaelis-
Menten equation for a bi-substrate reaction with a ping-
pong mechanism (Fig. 5). The estimated apparent K, for
NADH was 115 + 25 um and the apparent K, for Q, was
53 + 12 um (Fig. 5). The enzyme had an estimated V_,,, of
405 = 54 pmol min~' mg~" (Fig. 5), and the pH optimum
for the enzyme was found to be pH 7.0 (Fig. 6), although

Figure 4. SDS-PAGE analysis of the purified age-induced NADH
dehydrogenase. Coomassie blue-stained gel of the affinity-purified
enzyme is shown; the migration of molecular-mass standards is
indicated in kD.
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Table 1Hl. Some characteristics of the newly identified NAD(P)H
dehydrogenase

All rates are expressed relative to the NADH:Q, reductase activity
(100% = 250 wmol min~" mg™" protein). The native molecular mass
was estimated by its elution from a calibrated Superdex 75 column.
SDS-PAGE molecular mass was estimated by comparison with the
migration of molecular mass standards.

Relative Activity or

Assay Molecular Mass
NADH:Q, 100
NADPH:Q, 70
DANADH2:Q, 45
NADH:lipoamide Not detected
NADH:FeCN/NADH:Q, 0.6
Native molecular mass (kD) 58
SDS-PAGE molecular mass (kD) 58

@ Nicotinamide hypoxanthine dinucleotide, reduced form.

the enzyme maintained greater than 80% of its maximal
activity between pH 5.5 and 8.0 (Fig. 6).

The degree of purification and percentage yield of the
purified protein could not be determined accurately be-
cause there are several enzymes capable of reducing
NADH in the presence of artificial electron acceptors in the
starting mitochondria. Without a specific assay that can be
performed on both intact mitochondria and the purified
enzyme, these factors cannot be determined. However, the
amount of purified protein recovered was quite low, typi-
cally 1 to 3 ug from approximately 40 mg of mitochondrial
protein. This low recovery could reflect either a poor yield
for the purification or a low abundance of the protein in

250 - n

200 +

150 H

100

rate (umol min™' mg™)

50

0 —————————
0 50 100 150 200 250
NADH concentration (uM)

Figure 5. Kinetic analysis of the purified, age-induced NADH dehy-
drogenase. The NADH:Q,, reductase activities were measured using
three different concentrations of Qg: 20 (@) 66 (O), and 200 um ().
The error bars indicate the st. The data were found to best fit a
Michaelis-Menten equation for a bi-substrate reaction with a ping-
pong mechanism. The estimated apparent K, for NADH was 115 +
25 uMm, and the apparent K, for Q, was 53 = 12 uM. The enzyme had
an estimated V., of 405 = 54 umol min~' mg™'. The predicted
lines (—) are shown.
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Figure 6. pH activity profile of purified age-induced NADH dehydro-
genase. NADH:Q, reductase activity (@) was measured in a buffer
containing 10 mm 1,3-bis(Tris[hydroxymethyl]-methylamino)propane
and 10 mm Mes titrated to the pH indicated. The data are means of three
experiments with one preparation, although a similar trend was
observed with other preparations.

mitochondria. The determination of accurate specific activ-
ities was hampered by the low protein concentrations,
which made detection variable with a number of methods,
and the added complication that activity was lost with
storage of the samples. Therefore, the specific activities
expressed throughout this paper reflect the highest rates
observed.

Fluorometric flavin analysis (Siegel, 1978) revealed that
the purified protein contained noncovalently bound FAD,
although the total flavin-to-protein ratio was determined to
be only 1:2.5. This substoichiometric amount of flavin re-
flects the difficulty in determining the true protein concen-
tration, although the presence of some degraded protein in
the preparation cannot be excluded.

The NADH:Q, reductase activity of the purified prepa-
ration was not dependent on added Ca, since EGTA and
CaCl, had no effect (Table IV). The cofactors NAD and
ADP had a minimal effect on the age-induced activity,
inhibiting only 5 and 8%, respectively (Table IV). NADP
and ATP had a greater effect, inhibiting NADH:Q, reduc-
tase activity 22 and 32%, respectively (Table IV). The in-
hibitors p-CMB and dicumarol were the most effective of
those tested, inhibiting the NADH:Q, reductase rate by 48
and 86%, respectively (Table IV). Mersalyl and platanetin
also inhibited the activity 26 and 16%, respectively (Table
IV), whereas flavone had a minimal effect (Table IV).

DISCUSSION

The additional NAD(P)H dehydrogenase purified in this
paper appears to be similar to the 58-kD protein previously
purified from beetroot mitochondria by Luethy et al. (1991,
1995). Both activities are due to proteins with similar mo-
lecular masses and have similar activities in the presence of
different activators and inhibitors. However, there are sev-
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Table IV. The effects of several activators and inhibitors of NADH
dehydrogenases on the NADH:Q,, reductase activity of the purified
age-induced dehydrogenase

All activities are expressed relative to the control rate, which was
1

250 umol min~! mg~". The results are means of three experiments.
Addition Relative Activity
% of control
None 100
5 mm EGTA 98
1 mm CaCl, 100
200 pm NAD 95
200 pm NADP 78
200 um ADP 92
200 um ATP 68
150 pm p-CMB 52
150 pum Mersaly! 74
150 um Dicumarol 14
150 um Platanetin 84
150 um Flavone 95

eral distinct differences between these enzymes. The 58-kD
protein purified by Luethy et al. (1991) was inhibited 76%
by plane tree bud extract and 80% by NAD; in contrast, the
age-induced protein isolated here was inhibited only 16%
by platanetin and 5% by NAD. Since the bud extract used
by Luethy et al. (1991) would have contained several fla-
vanoids (Ravanel et al., 1990), it is possible that a combi-
nation of these provided a more potent inhibitor than
platanetin alone. The difference in the effect of NAD is not
clear. Another difference is that the protein purified by
Luethy et al. (1991) could not oxidize NADPH. The ability
of the age-induced dehydrogenase to oxidize both NADH
and NADPH is likely to be attributed to a change that
occurs when the enzyme is released from its membrane
environment, since intact mitochondria did not oxidize
NADPH (Table I). Changes in substrate specificity are of-
ten observed when membrane-bound dehydrogenases are
released. The specificities of the enzyme can also change
depending on the assay conditions (Menz, 1995). In partic-
ular, the use of artificial quinones as acceptors may change
specificity and affinity (Meller et al., 1996), which may also
account for the different sensitivities to inhibitors observed
by Luethy et al. (1991) and us.

Our results might explain the differences in the activities
of the 58-kD proteins isolated by Luethy et al. (1991, 1995)
and Rasmusson et al. (1993). Rasmusson et al. (1993) used
beetroot mitochondria that had low levels of exogenous
NADH dehydrogenase activity, and consequently, as
shown in this paper (with mitochondria from fresh beets),
only the lipoamide dehydrogenase activity was detected.
In contrast, Luethy et al. (1991, 1995) used beetroot mito-
chondria that had substantial levels of exogenous NADH
dehydrogenase activity and, therefore, they detected and
purified a dehydrogenase similar to the age-induced activ-
ity purified here. Whether the preparation of Luethy et al.
(1991, 1995) contained any lipoamide dehydrogenase activ-
ity is not clear. However, since lipoamide dehydrogenase is
present in the matrix compartment and the majority of the
antibody they prepared against this preparation recog-
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nized proteins outside of the matrix (Luethy et al., 1995),
lipoamide dehydrogenase may have been a minor compo-
nent. Beetroot lipoamide dehydrogenase has a NADH:2,6-
dichlorophenol-indophenol reductase activity 10- to 15-
fold lower than its NADH:FeCN reductase activity (Soole
and Menz, 1995). Since Luethy et al. (1991, 1995) assayed
only for NADH:2,6-dichlorophenol-indophenol activity,
they may not have detected contaminating lipoamide de-
hydrogenase activity.

Several characteristics of the purified enzyme are similar
to those observed for external NADH oxidation by intact
mitochondria. A wide range of K, values have been re-
ported for external NADH oxidation, ranging from 10 to
100 um (Meller et al., 1993), values that are similar to the
115 = 25 um determined here for the purified enzyme.
Similarly, the reported pH optimum between 6.8 and 7.2
(Mglier et al., 1993) for external NADH oxidation is similar
to the maximum at pH 7.0, which was observed for the
purified enzyme. The purified enzyme also showed sensi-
tivity to dicumarol, p-CMB, mersalyl, dicumarol, and pla-
tanetin, all of which have been shown to inhibit external
NADH oxidation by intact plant mitochondria (Meller and
Lin, 1986). The most dramatic difference between the pu-
rified enzyme and exogenous NADH oxidation by intact
mitochondria is the lack of stimulation by Ca. However,
the loss of Ca sensitivity upon release from the membrane
has been previously observed (Cook and Cammack, 1984;
Cottingham and Moore, 1984) and also may be influenced
by the use of artificial quinones (Meller et al., 1996.). There-
fore, the characteristics of the purified enzyme supports the
conclusion that it is responsible for external NADH oxida-
tion by beet mitochondria.

CONCLUSION

We have identified an NAD(P)H dehydrogenase from
beetroot that is induced by slicing and aging. This enzyme
is most likely the exogenous NADH dehydrogenase, since
no other activity was so markedly induced by aging. The
enzyme appears analogous to the 58-kD proteins previ-
ously isolated from beetroot and maize mitochondria (Lu-
ethy et al,, 1991, 1995), which have been localized to the
outer side of the inner membrane or intermembrane space,
an observation consistent with this enzyme being the ex-
ogenous NADH dehydrogenase. Although the 58-kD
NADH dehydrogenase has a molecular mass similar to that
of lipoamide dehydrogenase (Barrera et al, 1972), it is
distinct from the latter and cannot reduce lipoamide. How-
ever, care must be taken to separate the two enzymes when
investigating the external NADH dehydrogenase.
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